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Abstract 

A study of polydisperse clusters of fluid drops at 
supercritical pressures has been conducted using a pre- 
viously validated model of subcritical/supercritical iso- 
lated fluid drop behavior. Coupled with the isolated 
drop  equations, a set of conservation equations  has 
been developed to describe the global cluster behav- 
ior. All these equations  are based on the general trans- 
port  matrix including Soret and Dufour terms and they 
are consistent with non-equilibrium thermodynamics. 
Moreover, the model also accounts for real gas effects 
through  accurate  equations of state  and for correct val- 
ues of the  transport  properties in the high pressure, 
high temperature regime. The model has been  exer- 
cised  for clusters of LO, drops in H2 in the range 6-40 
MPa.  Parametric  studies of the effect of the  thermal 
lffusion factor value  reveal that  the effect of this elu- 
sive  coefficient  is small at 10 MPa and  moderate at 40 
MPa,  and that although the Soret term is dominated by 
the Fick, Dufour and Fourier terms,  it is not negligible. 
The influence of a cluster Nusselt number is also shown 
to  be relatively small in the range lo3 - lo4 consistent 
with the supercritical behavior being essentially a diffu- 
sive one. All of the results show a nonlinear d2 variation 
with curves having a positive curvature independent of 
the values of the thermal diffusion factor, the Nusselt 
number or the LO,/H2 mass ratio. The approxima- 
tion of a binary size cluster containing relatively a much 
larger number of small drops by a monodisperse cluster 
with a drop size based upon the surface average of the 
drops in the polydisperse cluster yields a good evalua- 
tion of the thermodynamic quantities  in the interstitial 
drop region but an underestimate of the lifetime of the 
drops in the  cluster. 

INTRODUCTION 

Recent observations of fluid jet breakup at  supercritical 
pressures [l], [2], [3], [4], [5), 161, such as encountered in 
rocket engine chambers, have identified a fluid disinte- 
gration mechanism that is  very  different from classical 
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atomization. These  studies  reported  a remarkable &f- 
ference in the  outcome of fluid disintegration according 
to  the surrounding pressure: whereas in the subcritical 
regime ligaments and  drops were observed, in the trans- 
critical regime atomization was ibbi ted,   and further  in 
the supercritical regime the subcritically identified lig- 
aments were replaced by thin  threads of fluid extruding 
from the  jet in the near field, followed  by big chunks of 
irregularly shaped fluid in the far field. Simple calcula- 
tions by Candel showed that these big chunks of irregu- 
larly shaped fluid are organized in dense clusters. Since 
previous studies of drop clusters at subcritical pressures 
have  revealed the role of polydispersity for liquid drops 
[7], the question arises if the same conclusions apply 
to fluid chunks or drops at supercritical pressures. Be- 
cause the evaporation of drops at subcritical conditions 
is a convective-diffusive process, whereas supercritical 
clrup behavior is a diffusive process 191, [lo), the infer- 
ence  from one situation  to  the other may not hold. 

The goal of this study is to investigate polydisperse 
clusters of drops  under  supercritical conditions by tak- 
ing as an example a binary size situation. Below  we 
briefly explain a model of supercritical-fluid individual- 
drop behavior which has been documented in detail 
elsewhere [8) and  further extended  to  subcritical con- 
ditions as well as validated 191, [lo] with microgravity 
data [ll] over the entire  range of pressures and tem- 
peratures of the data. Then, we briefly discuss the 
drop cluster equations for a polydisperse cluster, not- 
ing that a detailed study for a monodisperse cluster has 
already been performed [12]  while the detailed poly- 
&sperse equations are presented elsewhere  [13]. When 
analyzing the results, we focus first be understanding 
the effect of two parameters whose  value  is relatively 
uncertain. We also investigate effects of the far  field 
pressure and  that of the  drop  to surrounding fluid mass 
ratio,  and finally explore the  merit of the monodisperse 
approximation. 

MODEL 

The fluid drop model is based upon Keizer's fluctuation- 
dissipation theory 1141 which has the  distinct advantage 
of formally accounting for non-equilibrium processes as 
well as naturally  relating fluxes and forces  for a gen- 
eral fluid, a relationship that continuum theory does 
not provide. Indeed, it is customary within the contin- 
uum formulation to extend  the kinetic theory of rari- 



tied gases to describe more  general  cases without  a firm 
justification. Tllc viewpoint of fluctuation theory is in- 
termediate to that of continuum and u1olecubr-level 
approaches and allows the modeling of transport pro- 
cesses totally consistent with  nonequilibrium  thermody- 
namics,  which continuum theory does not address. The 
main result of this theory is the form of the  transport 
matrix which  now includes two terms for  each the mo- 
lar and  heat fluxes; the molar  flux is the sum of Fickian 
terms and  the Soret term, whereas the  heat flux term 
is the  sum of the Fourier term  and  the Dufour term. 
A detailed description of the model can be  found in (81 
and [lo], and will not be  repeated here due to space con- 
straints.  This  model  has  been exercised with  accurate 
equations of state [16], accurate  transport properties 
[8] , and  appropriate  boundary conditions [8], [9], [lo] 
without  any  assumption regarding phase equilibrium. 
Validation of the single drop model  for a binary mix- 
ture [9], [lo] included the finding of the only unknown 
transport coefficient, the  thermal diffusion factor, from 
comparison with data. Here the model will be exercised 
in the context of L O , / H 2  with values of the  thermal 
diffusion factor inferred from the list in [15]. 

The configuration is that of a spherical cluster of 
volume VC, surface area A c  and radius & contain- 
ing N spherical LO, fluid drops  immersed in quiescent 
H 2  with far field surroundings  denoted by the subscript 
“e”. The N drops  are  partitioned  into K size  classes 
denoted by CY and  there  are N, drops in each  size class 
with N = E,*:: N,. We also assume that  the inter- 
stitial region  between drops is  uniform and quiescent 
with respect to  the  cluster,  the implication being that 
while turbulence is strong  enough  to  mix the intersti- 
tial region, it does not affect the regions near the drops. 
With these definitions, we generalize the monodisperse 
formulation presented in detail elsewhere (121 to  the 
situation of a polydisperse cluster of fluid drops. As in 
[12], we define a ‘sphere of influence’ around each drop 
that is centered at  the  drop center and  has a radius, Rsi 
(superscript “si” refers to sphere of influence), which 
has  a value that is half of the mean  distance between 
adjacent drops, or less. The value of the Rsi is found 
from the condition that  the spheres of influence must 
be tightly packed. The Lagrangian value of Rsi for each 
size  class  is R, and  its corresponding volume, V,, which 
contains the  drop  and  its surrounding fluid has by def- 
inition a k e d  mass; this  means that  the V, boundary 
is a function of time  to accommodate  the  change in 
density due to heating. The volume of the  interstitial 
region of the cluster is V i  = Vc - ~~~~ N,V, and  it 
is in this volume that  the conservation equations are 
stated in a  Lagrangian frame. These are conservation 
of mass, species j ,  and energy, all presented in detail in 

One of the distinctive aspects of high pressure be- 
havior is the existence of additional  terms in the  trans- 
port matrix  complementing  the Fick  diffusion  in the 
mass fluxes and  the Fourier  diffusion in the  heat flux; 
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these adhtional t e r m  are  the Soret and Dufour terms, 
respectively. They stat(?  that mass diffusion  may  occur 
due  to  tenlperat,ure  gradients  and  that heat diffusion 
may  occur due to molar fraction gradients. Associated 
with these new terms is the new transport Coefficient, 
the thermal diffusion factor. According to  the form of 
the heat flux, one may  define  two thermal diffusion fac- 
tors [lo],  the Irwing-Kirkwood, C Y I K ,  and  the  Bearman- 
Kirkwood, CZBK,  which are related through 

where mj is the molar  mass of species j ,  mE = 
c5=l(m.Xa) where X; is the molar fraction of species 
j within V’, hi is the molar  enthalpy in Val R, is the 
universal gas constant  and T is the  temperature. Fol- 
lowing this extended flux matrix model, the heat and 
m a s  fluxes at  the edge of the sphere of influence for 
each size class are calculated according to  the model 
of [8]. Similarly, the  heat and mass fluxes at  the clus- 
ter boundary with its surroundings  are also calculated 
according to  the formalism introduced in [8]. 

At the  supercritical conditions of the simulations 
presented below, the fluids no longer obey the perfect 
gas relationship (instead,  they behave according to real 
gas equations of state), nor the mixture can be con- 
sidered ideal. Departures from the perfect gas law are 
quantified by the compression  factor, 2 

3 1  

z = -  PV 
RUT l 

(2) 

where p is the pressure and v is the molar  volume;  for 
perfect gases 2 = 1. Similarly, the  mixture non-ideality 
is quantified by the mass diffusion factor, CYD, having a 
unity value  for ideal mixtures. According to  the  Gibbs 
Duhem relationship, for a binary mixture CYD = C Y D ~ ~  = 
0 0 2 2  = -(rD12 = - a ~ 2 1 ,  and from thermodynamics 

, QD 1 + X f d h y ,  fax:, (3) 

where rj  = cpj/cpj” is the  activity coefficient and cp is 
the fugacity coefficient with  the superscript o denoting 
the pure ( X i  = 1) limit, all within Vi.  

At the surface of the spherical cluster we approx- 
imate the  gradients by a difference  across an external 
length scale re 

( f i e  - G ) ,  (E) = ( T e  - r> 
r e  I--= re  

(4) 
where Yl is the  mass  fraction of species 1. The length 
scale .re may be related  to  what is  equivalent to a Nus- 
selt number, NUC,  through re = RclNuc since it is 
the characteristic distance over  which transport occurs 
at  the cluster surface. Here, N u c  is a  parameter whose 
value  is prescribed and whose  infiuence  will  be studied. 



The numerical method for obtaining the solution a baseline. To understand  the  impact of the assumed 
for the mriablcs in each sphere of influence is discussed value of the thermal diffusion factor, a parametric study 
in detail in [SI, [9] and [lo!. All simulations were per- is conducted Mow.. The value listed [15] being t.hat of 
formed on a dual processor 300 MHz personal ~01x1-  Q B K  (since it is (rBK that converges at low pressure to 
puter, each run typically lasting 2-3 hours. the kinetic theory limit), it is this parameter which  will 

be varied over the listed range. 

Effect of t h e  thermal diffusion  factor  magnitude 
RESULTS 

Simulations using the above set of equations were per- a d  of Nuc 
formed  for an extensive range of parameters  but for 
brevity only those listed in Table 1 will be discussed. 
All simulations were performed for an extended phys- 
ical time, up to 0.2 s or 0.25 s, depending on the ini- 
tial conditions; examination of the results showed that 
all profiles  were already well relaxed by s, and 
therefore we will  focus the results on the  time  dur- 
ing  which a density gradient is  easily identifiable, en- 
abling the  optical definition of a drop. This optical 
definition of the  drop does not enter the calculations 
since the same equations are solved in the  entire d e  
main of the  sphere of influence including the  drop [8], 
[9],[10]; it is only used for potential comparisons  with 
experiments. The  initial  drop  and far field tempera- 
ture were 120 K and 1000 K, respectively, and  to avoid 
initial discontinuities, a minute  amount of LO, was as- 
sumed to exist in H2 with  a profile that became null in 
the far field.  From the initial LO, to Hz mass  ratio, 
$', the  initial cluster radius, R;, the specified initial 
drop sizes, R2,a, and  the relative (to N )  drop num- 
ber,  the  number of drops of each  size class was  calcu- 
lated;  the present study considers binary sizes of drops. 
The  initial size in the monodisperse cluster of drops 
was calculated by a surface and drop  number averag- 
ing, = [(R&)2N1 + (R52)2N2]/N, since in such 
a calculation it is the surface processes that determine 
fluid interpenetration  (be  it by  diffusion or convection). 
For all present binary size simulations R& = 4 x 
cm, R2,2 = 6 x cm,  and since N1/N2 = 20; for 
the monodisperse run, R: = 4.12 x cm. The size 
class 1 and monodisperse  drops  having essentially the 
same  initial size, comparisons of the  fate of these drops 
during otherwise similar initial conditions simulations 
should provide the result of including a small number 
of large drops in the cluster. 

All pressures for  which simulations were conducted 
are  above  the LO, critical point (for LO, : T, = 154.6 
K,p, = 5.043 MPa; for Hz : T, = 33.2 K,p, = 1.313 
MPa) so as to simulate a  range of conditions pertinent 
to rocket engine  chambers. The equation of state used 
were those derived in (161 and  the viscosity and  thermal 
conductivity were calculated using conventional mixing 
rules where each species properties were calculated as 
in (81. The mass diffusivities calculation over a large 
range of pressures and  temperatures is also described in 
[S] and  the values  converge to  the liquid and gas ones  in 
the proper limits. A LO,/H2 thermal diffusion factor 
is listed in [15] at one  temperature  and  adopted here as 

Although for C ~ H I ~ / N ~  we determined  the approxi- 
mate values of CXBK from comparison  with data [9], [lo], 
considering that these values are not usually known, we 
documented in a previous investigation [19] the effect 
of CYBK and C X I K  in the context of a C ~ H I ~ / N ~  shear 
layer. We determined that  at fixed pressure CXBK in- 
fluences the mixing, being directly related to  the molar 
flux, and ~ I K  influences entrainment  through  its direct 
relationship to  the  heat flux cross term thereby influ- 
encing the enthalpy, temperature  and density profile. 
Since these conclusions are dependent  on the values of 
the  thermodynamic function a h ,  a similar study was 
conducted for LO,/H2 at 20 MPa; additionally, here 
we also  focus on the effect of the value of CXBK at dif- 
ferent  pressures: 10, 20 and 40 MPa. Simulations are 
performed for CZBK = 0.2 and 0.5 (Table 1). 

Figure 1 plots are of CUDVY, and equivalent terms 
proportional to  VT in the  drop sphere of  influence at 
5x loa3 s, all being calculated from the numerical s e  
lution output of the equations, thus explaining the low 
level fluctuations due  to gradients computed on a grid. 
The results show that in all situations  the mass  gradi- 
ent (- VU)  and  thermal gradient (- VT)  terms dom- 
inate  the Soret term,  but  that  this  latter is not negli- 
gible and becomes  progressively more  important  with 
increasing pressure. However, the  actual value of QBK 
affects  mainly the Soret term, in agreement  with the 
results from our previous study [19]. Since the Soret 
term plays only a moderate role in the  range of pres- 
sures investigated (10-40 MPa), we conclude that lack 
of knowledge of its exact d u e  will  have  only a moder- 
ate  iduence on the  quantitative  (and certainly none on 
the qualitative) accuracy of the results. The  same find- 
ings  prevail at fixed time for both size  classes (Figs. la  
and lb). For both size  classes the  mass gradient effect 
is stronger and  the Fourier effect is  weaker at larger p,, 
this being explained by the faster drop profiles  relax- 
ation. Fourier terms reach maximal  magnitude closer 
to  the  drop  boundary  than Dufour terms, and  the for- 
mer increase whereas the  latter diminish with decreas- 
ing a g ~ ;  thus  the overall variation of the heat flux is 
not  obvious.  However, plots of the heat flux (not shown) 
display a reduced heat flux at the edge of the sphere of 
influence  for smaller CYBK, consistent with the higher T' 
and smaller p* (not  shown),  with  a consequent increase 
in R c  and  a reduction in the  drop number density; the 
effects are negligible at 10 MPa, but increase with p , .  
As  for T i ,  Yi and pi  at fixed p , ,  they are not affected 
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by N B K  sincc: this is ;t region of uniformity; in fact the 
magnitude of T',  Y t  and p' is dominat,cd by the value 

The irlHucnce of NUC on a cluster of drops has been 
documented before [121 and it has been  shown that as 
it increases the cluster expands more rapidly due  to 
increased heat transfer from the far  field;  however,  no 
conclusions were presented regarding dependence of the 
d2 variation upon the value of Nuc. Figure IC docu- 
ments the influence of the Nu magnitude on the present 
predictions and shows consistently the same increase 
in fluxes magnitude and the enlargement of the sphere 
of influence as in [12]. Figure 2a illustrates the opti- 
cal drop  area, A,, calculated using the location of the 
maximum density gradient and shows that  the d2- law 
is not followed as the curves have definite positive cur- 
vatures. However, with increasing NUC the  drops di- 
minish faster,  and d2 has a more linear variation. The 
departure from the &-law has been thoroughly doc- 
umented elsewhere [lo] and  has been shown to occur 
even for pressures closely in excess of the atmospheric. 
It should be recalled that  the 8- law results from a 
quasi-steady solution and portrays physics  which is dif- 
ferent from that of supercritical behavior, and therefore 
there is no reason to expect it  to hold in  this regime. 

Illustrated  in Fig 2b is the corresponding variation 
of A,  as a function of p, .  Similar to previous results 
with C ~ H I S / N ~  [9], [lo], even after the initial  heat  up 
time  during which the  drop may sometimes grow in 
size, the d2- law is not followed, and  this conclusion is 
independent of the ~ r g ~  magnitude. However, different 
from the C7H16/N2 behavior, here the 8- law estimate 
of the  drop lifetime based upon the value of the A, 
slope at  the  end of the  heat  up period would moder- 
ately  underestimate  the  drop lifetime, whereas in our 
previous study  it was  shown to considerably overesti- 
mate  the  drop lifetime. It is clear that this  aspect is 
species dependent, and caution should be exercised in 
inferring conclusions from hydrocarbon-in-Nz studies to 
the behavior of LO,/ H z .  

The general conclusions are  that VY terms in- 
crease and VT terms decrease as either p ,  or C Y ~ K  in- 
crease, with the VT terms being larger for the smaller 
drops at  the smallest p , .  However, all gradient  terms in- 
crease with NUC. The resulting A,  relaxes faster with 
either increasing p ,  or N u c ,  or with decreasing a g ~ .  

Aspects of polydispersity 

Smder versus larger drops behavior 

Illustrated  in  Fig.3 is A, for 6 ,  10, 20 and 40 MPa with 
~ r g ~  = 0.2; the increase in the drop after the exhibited 
minimum is an artifact of the calculation as the density 
has relaxed and  the location of the largest gradient is 
no  longer meaningful. Clearly, the optical drop size de- 
creases faster with increasing pressure, however there 
seems to  be a much greater differentiation between the 

of !V/& (not sl1own). 

situatiou at 6 MPa, which is slightly supercritical  and 
the othor pressures which are far  from the critical point. 
This tindillg supports  the hydrocarbon/!V? observations 
of Nomura et al. [ll] and of Sato [20] that the  drop life- 
time decreases with pressure in the supercritical regime. 
Moreover, we find that the lifetime of the small drops is 
considerably smaller, consistent with the quicker tem- 
perature (T )  rise in the sphere of influence, and con- 
sequent higher relaxation rate of the density, p ,  in the 
same region (not shown); however, the  rate of disap 
pearance of the two sizes  is similar. It should be  real- 
ized that  the physics of drop disappearance is here quite 
different  from that in the subcritical regime where evap 
oration and convective-diffusive  processes  were  govern- 
ing; in contrast,  in the supercritical regime the govern- 
ing phenomenon is only that of diffusion [9], [lo],  and 
the emission rate from the  drop is  null. The 6 MPa local 
departures from smooth behavior for the larger drops 
are  attributable to  the area  computation being done 
at output time  stations that  are considerably sparser 
than  the time  discretization at which the solution is 
computed and  to  the enlarged scale of the  graph (as a 
smooth variation appears when plotted over their  entire 
lifetime0. 

Monodisperse versus polydisperse clusters 

To examine the effect of polydispersity under super- 
critical conditions we compared 20 MPa  results from a 
monodisperse cluster of drops of 4.12 X cm initial 
radius  with  those from the two size  classes in the bi- 
nary size cluster. Depicted in Fig. 4 is A, for these 
three  drop sizes. In a binary size cluster under subcrit- 
ical conditions the smaller size  class  would disappear 
faster than similar size drops in a monodisperse clus- 
ter because in the former situation  the  total mass in 
the smaller drops is lower with consequent reduced la- 
tent  heat requirement. Under supercritical conditions 
we also find that  the smaller drops in a binary size 
cluster with a large Nl/Nz disappear  faster than simi- 
lar size drops  in a monodisperse cluster, although it is 
no longer due to evaporative processes; instead,  due to 
their smaller size these  drops  heat up faster inducing a 
correspondingly faster relaxation of the density. How- 
ever, the larger size drops persist well after the smaller 
drops disappear, and therefore when approximating a 
polydisperse cluster of drops by a monodisperse one, 
although reproducing well the cluster growth and  the 
interstitial variables values (not  shown),  one underesti- 
mates  the cluster lifetime (time when the density gra- 
dient is totally relaxed). 

Effect of the LO,/H2 initial mass ratio 

To explore the influence of the LO,/H2 initial mass ra- 
tio, a', we conducted simulations with 4' = 4,8  and 
12 (initial values of RSi are 1.53xlO"I cm, 1 . 1 9 ~ 1 0 - ~  
cm and 1 . 0 3 ~  cm, respectively) at 20 MPa  and A,  



is displayed  in Fig.5. Consistent with lrms diffusional 
processes  in the prcseuce of heat transfer. t,lle drop life- 
time is larger with  increasing $’; however, the new re- 
sult is the increased departure from the &-law  behavior 
with increasing rho. Indeed, when  fluid  is heated it will 
expand and reduce gradients as well as fluxes. The ex- 
tended  drop lifetime is attributed  to  the decreased mag- 
nitude of the heat and mass  fluxes (not shown).  This 
finding is consistent with that of the NUC effect in that 
with decreasing drop lifetime dL  assumes  a variation 
close to linear. 

Departures &om the ideal mixture and perfect 
gas conditions 

Previous studies of the C ~ H I ~ / N Z  system [lo], [19] have 
identified considerable departures from the ideal mix- 
ture, perfect gas situation.  Plots of ag displayed in 
Fig. 6a indeed portray mixtures that  are non-ideal; all 
mixtures are initially highly  non-ideal tending, as ex- 
pected, towards ideality as the drops disappear. Radial 
profiles, such as those in Fig. 6a, always display a mini- 
mum at  the  drop  boundary showing that  it is there  that 
the  mixture is closer to  the critical point (ag = 0); val- 
ues as low as ag = 0.2 are encountered for 6 MPa. 
Smaller drops have smaller CYD ’s, indicating that  they 
may be more  prone to reaching critical conditions at 
the  boundary (not shown). Evaluations of 2 shown in 
Fig. 6b  illustrate  the difference  between the  state of 
the  drop  compared to a liquid: Z - 0.2 at 6 MPa on 
the LO, side of the boundary, indicating that  the  drop 
is neither a liquid (2 << 1) nor an ideal gas (2 = 1); 
however, the  state of the drop’s surrounding at 6  MPa 
is essentially that of an ideal gas. With increasing pres- 
sure 2 increases as well, reaching at 40 MPa values  in 
excess of 1 in both sides of the drop  boundary, the value 
in the initially Hz side being  always larger. 

CONCLUSIONS 

A model of polydisperse fluid-drop cluster behavior un- 
der quiescent fa r  field supercritical thermodynamic con- 
ditions has  been derived and exercised  for LO, drops 
in Hz. The formulation is  based  upon a validated iso- 
lated fluid drop model of subcritical and supercritical 
behavior that included accurate equations of state,  and 
accurate definitions and values  of the  transport prop- 
erties. Validation of the isolated drop  model required 
using part of the  data for evaluating the  thermal dif- 
fusion factor for CTH16 drops in N2. Since a similar 
data  set waa not available here, we used as a guideline 
the low pressure thermal diffusion factor value  for N2 
in Hz,  and parametrically studied  its influence on  the 
results. Comparisons of characteristic gradient terms 
showed, consistently with other previous results, that 
the thermal diffusion factor influences mostly the Soret 
term. This  latter,  although not negligible,  was  shown 
to  be  dominated  both by the mass gradient term (Fick’s 

or Dufour) ; d  by the Fourier term. An increase by a 
factor o f  2.5 i n  the thennal diffusion factor was shown 
to yield otdy tuoctest changes in the Dufour and Soret 
terms. In fact, the  interstitial  thermodynamic quanti- 
ties are insensitive to  the value of the  thermal diffusion 
factor up to 40 MPa where a  modest sensitivity is  ap- 
parent. What controls the magnitude of the  interstitial 
quantities is the value of the cluster Nusselt number, 
however, an order of magnitude increase in the Nusselt 
number  reduces the  drop  disappearance  time only by a 
small fraction, thus reflecting the diffusive nature (large 
characteristic times) of the  situation. 

Under all conditions of this  study,  encompassing 6- 
40 IvlPa and a  LOZ/H2mass  ratio of 4-12, the variation 
of dL is not linear and  the curves consistently exhibit 
a positive curvature. Since for the c7H16 drops in N2 
we found consistently a negative curvature, we conclude 
that  this result is species dependent and  caution  about 
making hasty inferences from  one system of species to 
another. 

Comparisons of results from a binary size cluster 
of drops containing a much larger proportion of small 
drops  with those from a monodisperse cluster where the 
drop size  is the surface based  average of the two size 
classes  shows that although  the  interstitial  quantities 
may be well predicted by a monodisperse  approxima- 
tion, the lifetime of the cluster is significantly under- 
timated. 

All present results display the  departures from the 
perfect gas law and  mixture ideality epitomizing the 
supercritical conditions. For example, the compression 
factor exhibits values O(10-l) inside the  drop which 
significantly depart from the  0(10-3) for liquids and 
O( 1) for perfect gases, whereas the m a s  diffusion factor 
may decrease as low as 0.2, considerably deviating from 
the ideal mixture  unity value. 
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Run p , M P a  QBK 4” Nuc 
d6a 6 0.2 8 10” 
dlOa 
d20a 
d40a 
dlOb 
d20b 
d40b 
d20c 
d20d 
d20e 
s20 

10 
20 
40 
10 
20 
40 
20 
20 
20 
20 

0.2 8 lo3 
0.2 8 lo3 
0.2 8 lo3 
0.5 8 103 
0.5 8 103 

0.5 4 103 
0.5 12 103 

0.5 8 103 

0.5 8 lo3 

0.2 8 104 

Table 1: List of simulations discussed.  Names starting 
with “d” are for binary size clusters and those starting 
with “s” for  single  size. The drop’s initial temperature 
was  120 K and  the fa r  field temperature was 1000 K in 
all simulations. The cluster radius was  1.25  cm  in all 
calculations. 

a 



r, cm 

Figure 1. Characteristic gradient terms for the 
mass, Soret and Fourier contributions (the mass  term 
is the Dufour  term in tile heat flux) at t = 5 x 10-3 S .  

(la): influence of a 5 K  as function of p for Rd, ( lb)  in- 
fluence  of a 5 ~  as function of p for Rd,z.(lC): influence 
of Nu at p = 20 MPa for & I .  For l a  and  lb: m m  
gradient terms 10 MPa, a g ~  = 0.2 (-); 40 MPa, 
Q B K  = 0.2 (-S"); 40 MPa, a g ~  = 0.5 (. . ..); Soret 
terms 10 MPa, a g ~  = 0.2 (- - - -); 40 MPa, Q B K  = 0.2 
(- -. - -) ;  40 I\/IPa, a g ~  = 0.5 (- -); Fourier terms 
10 MPa, a 5 ~  = 0.2 (- . - . -); 40 MPa, ~ r g ~  = 0.2 
(- . H - .-);  40 MPa, a g ~  = 0.5 (- . . - . . -). (IC) 
20 MPa results: l~lilss gradient terms N u  = lo3 (--), 
N U  = lo4 (--L); Soret terms NU = 103 (- - - -1, 
N u  = lo4 (- -. - -); Fourier terms Nu = lo3 (- . - . -), 
.vu = 104 (- . rn - .-). 

t, s 
Figure 2. Time variation of the drop area corre- 

sponding to Runs d20a (&,I (-); R d , 2  (- - - -)]; d20b 
[&,I (- . - . -); R d , 2  (- . 4 1 ;  d20e [&,l (- -); Rd,2 
(- . . - . . - )] in 2a; and Runs dlOa (-); d20a (- - 
- -); d40a (- . - . -); dlOb (. . ..); d20b (- -); d40b 
(- . . - .  . -) for &,I in 2b. 

t, s 
Figure 3. Time variation of the drop area corre- 

sponding to Runs d6a [ R ~ , I  (-); Rd,2 ( -e-)];  dlOa 
[&,I (- - - -); Rd,2 (- - 0- -)I;  d20a [&,I (- . - .  - ) ;  R d , l  

(- - .-)I; d40a [&,I (- -); &,2 (- e")]. 



. 

t, s 
Figure 4. Time  variation of the  drop  area corre- 

sponding to Runs d20b (-); R 4 2  (- - - -)] and 
s20 (- . - . -). 
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Figure 6. Radial  variation of the mass diffusion  fac- 
tor ( S a )  and compression factor (6b) in the  drop  sphere 
of influence for size class 1 for 6 MPa (-), 10 MPa 
(- - - - ) ,  20 MPa (- . - . -) and 40 MPa (- -) corre- 
sponding to Runs d6a - d40a. 


